The contribution of groundwater-surface water exchange to lake budgets is poorly understood and depends in part on lakebed heterogeneities. These heterogeneities are difficult to characterize using traditional point sampling methods. The goal of this project was to use electrical resistivity to identify potential zones of groundwater discharge and recharge, providing focus for point measurements. Multiple resistivity surveys were conducted at Lake Lacawac, a small, glacially-formed lake in northeastern Pennsylvania. Two types of resistivity surveys were conducted. In a continuous resistivity profile, a multi-electrode cable was towed parallel to shore to look for spatial variability in resistivity around the lake. Two parallel to shore surveys were conducted, an inner and outer loop, to help characterize the lateral extent of sediment types. The results of these surveys suggested lithology changes both along the shoreline and with distance from shore. Follow-up resistivity data were collected using cables laid along the lake bottom perpendicular to the shoreline to look for finer scale zonation that affects seepage as a function of distance from shore.
INTRODUCTION
The quantification of groundwater-surface water exchanges is an essential element in understanding mass fluxes and developing water budgets (e.g., Winter 1976; Cherkauer 1991) . Numerous factors can control groundwater discharge, including topography, climate, sediment type and the hydrologic properties of different geologic materials (e.g., Sophocleous 2002) . These multiple factors can result in groundwater-surface water exchange patterns that vary on the scale of meters. A wide range of measurement techniques have been developed to search for groundwater discharge, including temperature sensors, conductivity meters, mini-piezometers, vegetation growth patterns and direct seepage measurements (e.g., Lee 1977; Rosenberry et al. 2000; Anderson 2005 ; Kalbus et al. 2006; Constantz 2008) . These techniques are point measurements and can be too expensive if used to monitor an entire shoreline on the scale dictated by geologic heterogeneity. An alternative to sampling a large area with human activity. The Earth and Environmental Sciences Department at Lehigh University has conducted research at Lacawac since 1988 and maintains a meteorological station in the lake year round. Data collected include precipitation, relative humidity and water temperature at different depths. Dalton (1999) conducted a series of ground-penetrating radar (GPR) surveys at Lake Lacawac with the goal of reconstructing the depositional history of the basin. He also analysed two cores, characterizing two major lithologic units, with highly organic silty-clay overlying a less organic silty-clay. Dalton's work focused on benthic sediments in the deeper sections of Lake Lacawac and did not reveal much about the sediments closest to shore. Near-shore sediments have been shown to have a strong influence on groundwater discharge patterns (McBride and Pfannkuch 1975) and were the primary targets for our survey.
Lake Lacawac has one outlet stream in the NE corner but no inlets. It is fed entirely by direct precipitation, overland run-off and groundwater discharge.
METHODS

Towed resistivity surveys
The towed resistivity surveys were used as geophysical reconnaissance to guide follow-up point measurement methods and stationary-cable resistivity surveys. A Marine SuperSting ® R8/IP (Advance Geosciences Inc.) was used to conduct all resistivity surveys. For towed resistivity surveys, we connected the SuperSting to a 20 m cable to carry out a dipole-dipole survey. This cable had 11 electrodes spaced 2 m apart, giving us a maximum depth of penetration of approximately 4-5 m, including the water depth. Figure 1 (a) shows a schematic of the array set-up. We towed the streamer behind a 14 foot boat propelled by a battery-powered electric trolling motor. A Lowrance 332C GPS/SONAR unit connected to the SuperSting logged position, water temperature and water depth during the surveys. The first two graphite electrodes injected current into the water while the remaining nine stainless steel electrodes recorded voltage drops across eight dipoles. Measurements were recorded every four seconds for each of the SuperSting's eight channels and used to calculate apparent resistivities. During this survey the electrodes remained in constant motion, collecting 2-3 km of data per hour. This is equivalent to one eight-channel set of measurements every 2-3 m, or a resistivity measurement roughly every 30-40 cm. We towed the streamer roughly parallel to shore in water 0.5 m to just over 3 m deep, at two distances: once around the lake at approximately 5 m from shore and again at approximately 10 m from shore. Figure 2 shows the path of the survey closer to shore. We also conducted a survey around the lake following the same procedure but using a 4-metre electrode spacing, increasing the depth of penetration but at the cost of horizontal resolution.
We inverted the apparent resistivity measurements using EarthImager2D ® (Advanced Geosciences Inc.), creating continuous resistivity profiles. Note this is a 2D data inversion, which rated sediments, an increase in porosity results in an increase in the fluid content. Because bulk resistivity is inversely proportional to fluid content, an increase in porosity leads to a decrease in bulk resistivity. A change in pore fluid conductivity can also change the effective bulk resistivity. A more conductive pore fluid lowers the bulk resistivity. Groundwater is typically more conductive than surface water, a contrast that has been used with point measurements to identify zones of groundwater discharge into the fresher surface water (e.g., Rosenberry et al. 2000) . An extreme example of pore fluid conductivity contrast is the difference between the resistivity of freshwater and salt water. Resistivity surveys targeting salt-freshwater contrasts have been used to examine submarine groundwater discharge, saltwater intrusions, groundwater recharge patterns and other groundwater-surface water interactions (Belavel et al. 2003; Manheim et al. 2004; Allen and Merrick 2005; Day-Lewis et al. 2006; Mansoor and Slater 2007; Stieglitz et al. 2007; Swarzenski et al. 2007) .
Clay minerals can control the resistivity of a solid matrix. The presence of conductive clays has been a target for several resistivity surveys (Taylor and Cherkauer 1984; Cherkauer 1991; Synder and Wightman 2002; Ball et al. 2006) . The location of clay is important in understanding groundwater-surface water interactions because the distribution of aquitards can focus where groundwater discharges. By mapping hydrologically transmissive layers, we hope to identify possible groundwater flowpaths.
The goal of our current research is to determine whether resistivity surveys can guide the study of groundwater-surface water interactions by identifying possible groundwater discharge locations in a freshwater lake. Our targets are upwellings of conductive groundwater and geologic heterogeneities that control groundwater discharge. Recent work has demonstrated the utility of resistivity in characterizing seepage in marine environments (Day-Lewis et al. 2006; Stieglitz et al. 2007; Swarzenski et al. 2007) ; we believe the method can also be applied to both lakes and streams (Freyer et al. 2006; Nyquist et al. 2008 et al. 1995 et al. in Dalton 1999 . The underlying geology in the area is the undivided Packerton and Poplar Gap, which are members of the Upper Devonian Catskill formation. These members are braidedriver deposits comprised of sandstones, shales, silts and conglomerates, part of the Catskill clastic wedge (Epstein et al. 1974) . The bedrock underlying the lake is primarily grey sandstone, visible in outcrop near the southern shore. The lake is part of the Lacawac Sanctuary and was designated a National Natural Landmark in 1968, so the watershed is largely unaltered by improve the fit between modelled and measured apparent resistivities. Resistivity data inversion is non-unique: many earth models could be constructed that would fit the measured data equally well. The Occam's inversion uses Lagrange multipliers to balance the fit to the data with a constraint on the differences in resistivity between adjacent model blocks. From the possible models for the subsurface that fit the data, the inversion algorithm chooses the solution closest to the starting model of a homogeneous earth.
One consequence of using a smooth-model inversion algorithm is that any abrupt changes in resistivity created by geologic contacts will appear as gradational transitions in the inverted section. To prevent the inversion from blurring the contact between the lake water and lake bottom, it is useful to constrain the inversion algorithm to honour the measured resistivity and thickness of the water column. A priori resistivity information is incorporated in EarthImager2D ® by adjusting the Lagrange multipliers for individual model blocks. A large multiplier prevents a given model block from updating during the inversion. We used the water depth obtained from the sonar combined with the known resistivity of the lake water to hold the water layer fixed during inversion. Without this constraint the smoothing nature of the inversion algorithm causes changes in the resistivity of the lake bottom sediments to be manifested as changes in the resistivity and thickness of the water layer. We judged the accuracy of the sonar-derived depths to be about ±10 cm based on spot depth checks made using a sounding line. The finite difference mesh we used had non-uniform horizontal model block dimensions equal to the dynamic measurement spacing (30-40 cm), with vertical cell dimension within the water layer equal assumes the geology is unchanging perpendicular to the direction of the survey line. For a line towed around the circumference of the lake the inversion results will be sensitive to changes in resistivity parallel to the shoreline but will essentially blend together the effects of geologic heterogeneity perpendicular to the shore. The inversion algorithm used by EarthImager2D ® solves the forward problem using either a finite difference or a finite element algorithm (we used finite difference). Starting with an initial model of a homogeneous earth with a resistivity equal to the average measured apparent resistivity, the program calculates the apparent resistivity values for all of the measurement points. The rms error between the predicted and measured values is used in an Occam's Inversion procedure (Constable et al. 1987; DeGroot-Hedlin and Constable 1990) to iteratively adjust the resistivity values of the finite difference model blocks to did not need to penetrate through the water column before reaching the sediment layer. For this reason, we conducted all but one of the stationary cable surveys with the electrodes placed on the bottom. For both the floating cable and bottom cable surveys we measured water depth at each electrode and the lake water conductivity to constrain the thickness of the water layer during the inversion process. In the case of stationary resistivity surveys each measurement was repeated twice and points with a repeat error greater than 2% were removed, which typically resulted in the removal of less than 5% of the data. In our experience the uniformly low contact resistance afforded by submerging the electrodes results in lower noise levels than comparable land-based resistivity surveys. The inversion of the stationary cable survey data typically yielded final rms values of about 5%. Figure 2 shows the locations of the 11 stationary, 27 m long resistivity lines. The ability to collect many more electrode pair combinations for a given location and the placement of the electrodes directly in contact with the sediments gives the lake bottom surveys greater resolution than the towed array. The set-up and measurement time makes the data collection slower (over an hour per location), however, we used the lake bottom array as a follow-up tool. Additionally, we collected one longer resistivity line (87 m) across a bay at the south-east corner of Lake Lacawac (Fig. 2) , with both the floating array method and with the cable on the bottom. This line was collected in seven overlapping segments, with the cable shifted 10 m after each sounding. For this long bottom line we used scuba divers to ensure that the line did not become entangled and that each electrode was in contact with the sediments. The 27 m long segments were then merged into a single 87 m long line and inverted as a single data set in EarthImager2D ® .
Ground-penetrating radar
We collected ground-penetrating radar data along the same 87 m transect across the bay, shooting though the bottom of a polyurethane boat made by Porta-Bote (the hull of a metallic boat would block the radar signal). We used a MALA Geosciences radar system with a shielded 250 MHz antenna with a 0.31 m separation between transmitter and receiver. At this frequency the radar penetrated the water column and several metres of lake sediment. Higher antenna frequencies would provide better vertical resolution but reduce penetration because radar signal attenuation also increases with frequency. Data were collected using a sampling frequency of 2.54 GHz, equivalent to roughly 10 samples per cycle for centre frequency of 250 MHz, to ensure recording fidelity and to avoid aliasing power from the portion of the radar pulse above the centre frequency. We used a time window of 591 nS. For a velocity of 0.033 m/nS (fresh water) this is equivalent to a maximum survey depth about 9.8 m below the lake surface, more than adequate for the bay line where the water depth was a maximum of about 4 m. A Trimble GeoXT GPS unit linked into the GPR provided location information.
to the average horizontal cell but with an automatic refining of the mesh at the averaged depth of water-sediment interface for each inversion segment (see below). Below the water-sediment interface the vertical cell size of the mesh increased by a factor of 1.1 for each successive grid layer. The collection of data continuously in a towed resistivity survey results in data sets equivalent to a fixed survey with thousands of electrodes. To keep computer memory requirements manageable, EarthImager2D
® subdivides the data into overlapping segments (we chose 120 electrodes per segment with a 60% overlap), inverts each segment independently, then reassembles the inversion results into a single profile. The benefit of subdividing the towed data set before processing is not merely computational. Implicit in the inversion process is the assumption that the data were collected along a straight line. This assumption is reasonable for the survey data collected around the lake (Fig. 2 ) only when the data are inverted in short, near-linear segments.
It was difficult to estimate the noise levels for towed resistivity surveys because it was impossible to collect reciprocal data or make repeat measurements with the electrodes in motion. To estimate the noise levels we examined the variation in the apparent resistivity recorded for the measurements made between the current dipole and the closest measurement dipole. In water much deeper than distance between the transmitter and receiver dipoles the apparent resisitivity should largely be a measurement of the resistivity of the lake water, which did not change significantly from location to location at Lake Lacawac. Thus, in deep water, deviations from the average value of apparent resistivity can be taken as an estimate of the noise level. From a test line run across the centre of the lake, we extracted 42 resistivity values for the closet transmitter-receiver pairs (2 m separation) from a 146 m long portion of the line where water depths exceeded 10 m. The apparent resistivity varied about 2.5% and this was assumed to be representative of the general noise level for the towed surveys. The inversion was never continued below 2.5% rms and more typically stopped at around 5% rms based on improvement in the fit from the previous iteration of less than 5% indicating convergence. Note that in the inversion process EarthImager2D ® automatically reduces the weight given to hard-to-fit data following the procedure of Morelli and LaBrecque (1996) .
Stationary-cable resistivity surveys
We also carried out dipole-dipole array resistivity surveys using a stationary electrode cable. We attached the SuperSting to a 27 m long cable that had 28 stainless steel electrodes spaced 1 m apart. We deployed this stationary cable in one of two ways: either with the electrodes suspended near the lake surface between floats (Fig. 1b) or placed directly on the bottom of the lake (Fig. 1c) . The maximum depth of penetration for these surveys was roughly 6 m. This includes water-thickness in the case of the floating cable. Where we placed the electrodes directly on the benthic sediments, the resistivity surveys separate the loggers (preventing exchange of water) and if the clay was missing when the loggers were removed for data download, the data were discarded. Data were also discarded if the probe turned out to have been poorly seated. Upon retrieval of the probe we could easily determine whether or not the lower sensor had been pushed into the sediment because algal growth on the outside of the PVC pipe containing the temperature loggers clearly marked the sediment-water boundary.
The data were examined to compare the diurnal signal in the upper (lake) and lower (sediment) loggers. By comparing the temperature in the sediments with the water temperature just above the lake bottom, we hoped to determine the direction of seepage. In shallow water diurnal warming and cooling of the lake is apparent even near the bottom. Where lake water is recharging the groundwater this same pattern of diurnal temperature fluctuation is apparent in the sediments but where groundwater is seeping into the lake, the sediment temperature will remain relatively steady, showing only a longer term trend associated with a gradual change in groundwater temperature. Figure 3 shows an illustrative example. In Fig. 3 (a) the diurnal temperature variation is clear in the temperature record for both the water and the sediment, superimposed on a gradual spring warming trend. This could imply either lake water moving down into the sediments, diffusion of heat into the sediments, or both. Conversely, in Fig. 3 (b) the diurnal temperature variation is clear only for the sensor located in the water above the lakebed; the sensor in the sediments shows the seasonal trend with a much weaker diurnal variation. This pattern is consistent with groundwater discharging to the lake. The temperature data were modelled using an analytic solution to the 1D vertical heat flow equation (Silliman 1995. Note: there are typographical errors in equation (8)) incorporating heat transport by a combination of thermal diffusion and steady vertical flow. The insets in Fig. 3(a,b) enlarge the view of the last few diurnal cycles in each case to show model fits to sediment temperature data. Thermal modelling will be discussed in more detail in the results section.
Seepage meters
Seepage meters were used to make direct measurements of water exchange across the sediment/water interface. Seepage meters for this project were constructed out of 55 gallon (208 L) drums with plastic bags attached. This design was adapted from Lee (1977) , an example of which can be seen in Fig. 4 . We cut the drums to create an open-ended cylinder. The open end of the barrel was pushed into the sediment, creating a trap for all seepage through the area encompassed by the drum. We attached a hose to a hole in the barrel, the hose leading to a small plastic bag shelter containing a partially-filled 3-L plastic bag used to capture any in-seepage or record any out-seepage. We weighed the bag before and after measurement periods to observe any change in volume. The bag was attached to the drum with a 2 m section of hose so that we could detach and measure the bag without compressing sediment near the drum. We installed 8 seepage Lake-bottom temperature measurements One method used to determine the direction of seepage in shallow water is to place temperature loggers above and below the lake bottom-sediment interface (Constantz 2008) . The temperature record from the sensor located above the lake bottom records the diurnal fluctuation in lake temperature. Data logging temperature sensors with ±0.2° C accuracy (Onset Computer Corp., Bourne, Massachusetts) were programmed to collect data at 15 minute intervals and left logging for 3-4 weeks to measure multiple diurnal temperature cycles. Temperature loggers were installed in pairs with one sensor 10 cm above the lake bottom and one sensor buried 10 cm into lake sediments. The distance between the loggers was fixed by attaching the loggers inside a PVC pipe that was pushed into the sediment. Clay was used to is measured between two contacts attached to two small metal posts. The Sting converts the resistance of this measurement into a resistivity using the geometry of the box size (ASTM 2003) .
RESULTS AND DISCUSSION Sediment and water resistivities
Fluid conductivity measurements of the lake water at a number of locations and depths yielded a nearly constant value of 20 µS/cm, or equivalently, a resistivity of 500 Ωm. We found no stratification of the lake water conductivity. Groundwater collected from a spring house on the southern shore had a fluid conductivity of 40 µS/cm (250 Ωm). The contrast between lake water and groundwater is potentially detectable in a homogeneous geology. However, the results of resistivity measurements made using a resistivity text box on sediments collected in eight shallow (< 0.6 m) core samples of lake sediment samples yielded resistivity values for sandy sediments of 242 Ωm, 245 Ωm and 297 Ωm; for silty-sand samples the resistivity values were 251 Ωm and 298 Ωm; and for the clay resistivity values were 144 Ωm and 142 Ωm. Therefore at Lake Lacawac clay produces a stronger conductivity target than groundwater upwelling. These test box results were used to guide the interpretation of the resistivity inversion results that follow. Figure 5 shows portions of two towed resistivity surveys around the lake, both at a distance of roughly 5 m from shore (Fig 2. ) and both collected using a 2 m electrode spacing. The top section (Fig. 5a ) is an extract that covers approximately 200 m along the southern shore. Vertical exaggeration in this image is 10:1. The tomograph is a cross-section running parallel to shore from west to east. The yellow layer represents the lake water, fixed at a resistivity of 500 Ωm (20 micro-siemens/cm). The black line denotes the lake bottom. The red, resistive area is interpreted to be the sandstone bedrock visible in outcrop near the shore. The blue, conductive area is interpreted to be the silty clay described meters 25 m apart along the north-east shoreline (Fig. 2) . Each meter was placed approximately 2-6 m from shore. We installed two more seepage meters 5 m and 10 m from shore along one of our perpendicular, lake bottom resistivity lines (LAC19P).
Towed resistivity surveys
We also attempted to make seepage measurements on the southern shore. Here the bottom was extremely rocky with a thin veneer of sand, which made it impossible to seat a full-sized seepage meter deeply enough to avoid leakage. Instead, we used a ganged seepage meter, where we fed the combined flow from four smaller seepage meters. The ganged seepage meter was constructed following the same basic design but using paint buckets rather than drums, with the combined collection channelled into a single collection bag. Using smaller collection buckets in this rocky area allowed us to seat the individual meters in sandy patches between boulders. Combining their outflow produced more easily measureable seepage volumes. Rosenberry (2005) reported success using this approach, but in the area we tested there was so little sediment that even using smaller collection devices we were only able to measure seepage at one location along the south-east shore (Fig. 2) . Temperature sensors were also difficult to install along this rocky section of the southern shoreline.
We were unable to collect seepage data along the northern or western shores of Lake Lacawac because the shoreline was too soft and marshy to traverse and the bottom was covered with such a thick mat of vegetation and plant debris that we could not seat the edges of the drum into the underlying sediment.
Resistivity test box measurements
To correlate true resistivities with those created in the inverted model, laboratory tests were used to measure the resistivities of selected sediment samples collected from the top 0.6 m. To measure sediment resistivity we used an AGI Soil Test Box. Constructed from Lucite, the box has internal dimensions of 0.22 m by 0.04 m by 0.03 m. Current enters and exits the test box via two metal plates at each end of the box. A change in voltage trode spacing merely showed that the clay underlying most of the lake extends beyond the 5 m penetration depth found by the survey made using the 2 m electrode spacing shown in Fig 5(b) . Using a larger electrode spacing would be appropriate when surveying in deeper water but because seepage typically decreases exponentially with distance from shore, deeper water surveys are less useful for guiding seepage measurements.
Comparison of results of the towed resistivity surveys conducted at 5 m and 10 m from shore did provide some information about changes in lithology with distance from shore. These changes were investigated in much more detail using the stationary electrode cable deployed perpendicular to shore. Theoretically, seepage rates decline exponentially with distance from shore for a homogeneous medium but the rate of decline in seepage can be strongly influenced by lithologic changes.
Stationary cable resistivity surveys -line across the southeast bay
The towed resistivity survey showed that most of Lake Lacawac's shoreline is underlain by clay but a stretch of the south-east shore, extending into the south-east bay, is highly resistive (Fig. 5) , comprised of a thin sand veneer over bedrock. The towed survey showed the shore on the north side of the bay to be clay again. To look at the transition, we collected an 87 m long resistivity line from shore to shore across the bay.
We collected the resistivity data two ways: floating the 28 electrode cable at the surface and placing the cable on the lake bottom. Floating the cable is logistically simpler but reduces the effective penetration into the subsurface, as the array must sound by Dalton (1999) . There is also a sandy sediment layer overlying some of the shallow bedrock along this shore. This layer is more resistive than the clay, less resistive than the sandstone and appears green in this tomograph. Unless the bedrock is highly fractured, both the clay layer and the bedrock are likely less permeable than the sandy layer. In terms of groundwater discharge, the sandy layer is a more likely flowpath than the clay or the bedrock.
The bottom section (Fig. 5b) is an extract that covers approximately 200 m near the northeastern shore, running from south to north. Vertical exaggeration is again 10:1. The colour scale is the same as Fig. 5(a) , with red being the most resistive (1000 ohm/m) and blue the most conductive (100 ohm/m). The dominant feature in this tomograph and in most of the lake, is the interpreted clay layer, shown in blue. In the first half of the profile, the clay layer appears to deepen or thin out. The yellow and orange layer overlying the clay is interpreted to be a sandy sediment layer. This layer is likely more permeable than the clay and presents a possible flowpath for groundwater discharge. An area with no sandy sediment layer, such as the right third of Fig. 5(b) , is less likely to have groundwater discharge because the only flowpath would be through the thick clay layer. Because the north-east corner of the lake showed evidence of a greater depth to clay with more resistive sediments on top of the clay layer, we focused our follow-up surveys in this region.
The towed survey we collected using the 4 m electrode spacing provided little additional information. The general pattern was the same, though with some loss of horizontal resolution. The greater depth of penetration afforded by the increased elec- Furthermore, in shallow water near the shore, where seepage is most likely to occur, a special lake-bottom radar antenna would be required to overcome interference from multiple reflections. As these data illustrate, the deeper portions of the lake are infilled with thick, glacial clay. Seepage is concentrated close to the shore in a homogeneous environment. In one where the deeper portions of the lake are isolated from the groundwater system by a clay aquitard, this focusing of seepage near the shore is enhanced. Where clay is extensive, groundwater discharge to the lake is likely to occur either at springs before reaching the lake, or very close to the shore in areas where sand lenses extend partway into the lake. Our remaining lake-bottom resistivity surveys focused on the north-east shore where the towed resistivity provided indication of zones where more resistive sandy sediments overlie the ubiquitous clay. Figure 7 shows the results of several resistivity simulations and the inversion results from the actual lake bottom resistivity surdown through the water column. We were interested in learning whether the time saved by floating the cable came at too high a price in data quality.
Stationary cable resistivity surveys -lines perpendicular to the north-east shore
The results (Fig 6.) clearly show the transition from the sandy/rocky southern, to a clay-filled central basin, with some clay extending up to the northern shore of the bay. This pattern is visible in both resistivity surveys (Fig 6a,b) but the survey where the electrodes were placed on the bottom (Fig. 6b) produced a more conclusive result, especially for the deeper water portions of the line. Model studies and further field tests are needed to investigate in more detail the loss of resolution and sensitivity as a function of the height of the electrode cable above the bottom but based on our limited tests we chose to collect all resistivity lines perpendicular to shore at Lake Lacawac with the electrodes placed directly on the lake bottom.
The resistivity and radar data are complementary. The resistivity clearly shows the change in lithology but cannot resolve the bedding clearly visible in the radargram (Fig. 6c) . At Lake Lacawac, where distinguishing clay from sand is critical to locating potential seepage areas, the resistivity data are more useful. Resistivity and GPR profile across the south-east bay. Both resistivity profiles show the resistive sand and bedrock of the south-east shore dipping below thick glacial clay in the centre of the bay, which thins but extends to the northing shore. This trend is visible in both a) the resistivity profile collected with the electrode cable placed on the bottom and b) the resistivity profile collected with the electrodes on the surface. Case (a) yields better data but (b) is logistically simpler. Note that the water layer has been shaded in blue in all three sections; the colour is not coded to the resistivity value, which was 330 ohm/m, which would appear as yellow on the resistivity scale. The blurring of the water-sediment interface by the resistivity inversion process is more apparent for case (b). c) The layering within the clay is visible in the GPR data. GPR depths are only approximate; as they were calculated assuming the velocity in the sediments was the same as the water column.
(a) (b) (c) pinches out without connecting to shore. Because groundwater flow comes from the shore, discharge is less likely to be found along LAC18P (Fig. 7c) . For ground truth, seepage meters were installed along both LAC18P and LAC19P.
Seepage meters
Seepage meter measurements along LAC18P and LAC19P give examples of seepage in a zone with continuous sediment and a zone with pinch-out (Fig. 7c,d ). Seepage meters were placed 5 m and 10 m from shore along LAC19P. Both meters showed slight discharge from groundwater to surface water. However, the rates were close to zero and below the typical detection limit. Qualitatively, the seepage results correlate with the interpretation that groundwater discharge is more likely along a continuous flow path. The meter placed 5 m from shore along LAC18P showed the largest out-seepage (-0.19 cm/day) of any seepage meter in the study, indicating surface water discharge to groundwater. The pinchout of the sand close to shore likely inhibited groundwater discharge but the heterogeneity provided a pathway for surface water moving downward. Along the north-east shore, veys (see Fig. 2 for locations) . In all of these figures, the shore is on the left and the profile is a cross-section perpendicular to shore. Figure 7 (a) is a model of a two-layer earth. The blue layer represents conductive clay and the green layer represents a thin, (~1 m thick) hydrologically transmissive, sandy layer. Near the shore this sandy layer pinches out into a clay blockage. Figure 7(b) shows the result of a computer simulated survey and inversion of this synthetic model using EarthImager2D ® . The two layers are still visible, as is the clay blockage. This suggests that the lake bottom surveys can determine if layers are continuous. Figure 7 (c,d) shows two profiles from the north-east corner of the lake. LAC18P (Fig. 7c) is located approximately 20 m south of LAC19P (Fig. 7d) . As in Fig. 5(b) , the bedrock in this area is too deep to be seen in this profile. Both Fig. 7(c,d) show a thick, conductive layer interpreted to be clay overlain by a thin, more resistive layer interpreted to be sandy sediment. The primary distinction between the two profiles is the continuity of the more resistive layer. In Fig. 7(d) the more resistive layer is clearly continuous for the first 10 m from shore, while in Fig. 7 (c) the resistivity inversion results suggest that the layer Furthermore, the diurnal signal is weak or absent (indicating some seepage of groundwater into the lake at some of the locations), appearing mainly during falling temperatures. In the north-east corner there is evidence of both possible lake water outseepage (or no seepage and high thermal conductance) and groundwater discharge into the lake. As mentioned previously, sediment thickness varies here so variation in seepage may be associated with sediment heterogeneity. One temperature sensor was successfully planted along the south shore that yielded data consistent with thermal diffusion alone, whereas the seepage meter placed on this shore measured a slight groundwater discharge to the lake. Again, variability of the sediment cover here likely leads to seepage variability.
Because the fine lakebed sediments seemed to limit the amount of seepage at Lake Lacawac, we also examined the shorelines to look for potential input areas. The marshy area west of the boat dock on the southern shore (Fig. 8) is suggestive of groundwater discharge. The organic sediments made placement of seepage meters difficult but spot checking with a temperature sensor revealed water was up to 6 o C colder than lake water. The topography suggests a slight channelling of flow and we speculate that the hydraulically-tight clay lining of the lake forces the groundwater to emerge before reaching the edge of the lake.
CONCLUSIONS
The role of electrical resistivity in the characterization process In lakes where there is a strong difference between the groundwater and lake water resistivity and where the bedrock and lake sediments are resistive, it may be possible to use electrical resissome of the seepage meters showed out-seepage and some showed in-seepage and the geophysical survey indicated variable sediment thickness and continuity.
Along the south-west shore, the ganged seepage meter was used. This meter was planted successfully at one location and showed groundwater discharge to the lake of 0.05 cm/day. The sandy sediments here are connected to shore as seen in both the long line (Fig. 6) and nearby perpendicular lines. There may be additional seepage along this shore but rocks inhibited seepage meter placement. Where bedrock occurs at the surface, seepage may be blocked.
Temperature data
We initially attempted to use thermal modelling (Silliman 1995) to classify the temperature data into three categories: 1) a diurnal variation in sediment temperature too large to be explained purely by thermal diffusion assuming a reasonable range of values for thermal conductivity, thus requiring a combination of diffusion and advection of heat (water flowing out of the lake), 2) a diurnal variation explainable by thermal diffusion alone (e.g., inset on Fig 3a. ) or 3) a diurnal variation so small as to imply it was muted by the upwelling of cold groundwater (e.g., inset on Fig. 3b) . However, we found that by holding the water and sediment heat capacities and densities at reasonable values (ρ water c water = 1.0 calcm There is a slight phase difference between the diffusion-dominated and advection-dominated cases but this is difficult to resolve on actual field data. Therefore, without independent measurement of thermal conductivity we cannot distinguish with certainty between pure thermal diffusion and a low thermal conductivity combined with a discharge of lake water less than about 12 cm/day. We can distinguish, however, cases where upwelling of groundwater has reduced the diurnal signal below what is predicted by modelling but without knowing the groundwater temperature and sediment thickness this cannot be translated into a flux value. Silliman (1995) stressed that the uncertainties in thermal modelling make this a technique best suited as a screening method. Thus, based on the modelling, we have used the temperature sensor analysis as indicator data (Fig. 8) , representing either 1) no flow, or possible low outseepage of lake water in the case of a clear diurnal signal in the sediments (e.g., Fig. 3a) or 2) groundwater inseepage where modelling showed that the diurnal signal was muted (e.g., Fig. 3b ). The temperature data showed no evidence for outseepage of lake water on the north and northwest side of the lake. The sediments are fine organics over much of this portion of the lake, which likely makes the flow rates low. Summary of point measurement results. Green circles mark seepage into the lake; red circles mark seepage out of the lake, as determined by seepage meter measurements. For the temperature data (triangles), red again marks out-seepage or thermal diffusion only but green indicates muted diurnal signal in the sediments caused by groundwater seepage into the lake. On the southern shore, just west of the boat dock, we discovered a region where groundwater is seeping to the surface above the level of the lake (green oval).
inflow to the lake on the north-east shore and the southern shore (with more limited data). At these locations, the geophysical mapping shows variable sediment cover. The direct measurement of seepage shows the rates are at or below detection limits here also, so these conclusions are tentative.
Understanding how seepage is distributed in the lake contributes to the understanding of the overall lake budget. Lake level changes observed in the spring and summer of 2008 suggest there is 0.01-0.04 mm/d of groundwater seepage into the lake, calculated by the difference between lake levels and known sources of water (Bruce Hargreaves, Lehigh University, pers. comm.). This seepage does not seep uniformly across the whole floor of the lake. Instead, geophysics shows much of the lake is covered by low permeability sediments. Furthermore, seepage rates tend to decrease exponentially with distance from shore, so only a band close to shore is likely the source area for seepage. Geophysical lines perpendicular to shore suggest this band is 5 m or less, corresponding to an area of about 8000 m 2 around the lake. If the seepage was uniform over this band, then the seepage rate into the lake would be 0.03-0.1 cm/d. More likely heterogeneity would focus the seepage into much smaller zones, yet there were no mapped areas of in-seepage at the high end of this range. Instead, the seepage and temperature data indicate several regions with no measurable seepage. Thus, there is likely another source of groundwater influx. It appears likely that the seeps above the shoreline observed on the south side of the lake are an additional source. The six degree temperature difference between the water in this seep and the lake is much larger than any temperature difference seen in the lake-bottom pair-temperature measurements. Although our lake budget estimates are rough, the exercise helps to develop a conceptual model of the flow system around the lake. The conceptual model is one of a perched lake, underlain by low permeability sediment and bedrock, with minor communication with the groundwater flow system. Because impermeable sediments underlie most of the lake, groundwater discharges in seeps just above the shoreline.
Our experience at Lake Lacawac illustrates some of the complexity involved in mapping groundwater/surface water interaction for even a relatively small lake. Both marshy and rocky areas are difficult to instrument with temperature probe and seepage meters and even in areas that can be instrumented, it is difficult to quantify low seepage rates. It is clear however that it is much easier to develop a conceptual model for the geology and water budget of a lake with the assistance of geophysical methods such as electrical resistivity than can be achieved by relying solely on point measurements.
tivity to map groundwater seepage points directly. This was not possible at Lake Lacawac because resistivity contrast between sand, bedrock and clay dominated the contrast in pore fluid resistivity. In this environment resistivity can only assist seepage mapping indirectly by mapping the geologic heterogeneities that control flow.
Towed resistivity surveys demonstrated clear lithology changes around the perimeter of the lake. Identifying transitions between zones of benthic sediments can prove useful when characterizing likely groundwater discharge areas. Data can be collected at a rate of 2-3 km/hr, making towed resistivity an excellent rapid reconnaissance tool for guiding the placement of subsequent stationary-cable resistivity surveys. Furthermore, by making repeated transects around the lake at different distances from shore, one obtains a first look at how the geology changes with distance from shore, which is critical for deciding where to focus follow-on characterization efforts.
Stationary cable surveys can be conducted either by floating the cable at the lake surface, or draping the cable along the lake bottom. We found that floating the cable is logistically simpler, because there is no risk of entangling the cable on the bottom or necessity to check that each electrode is in contact with the sediments. However, draping the cable on the bottom appears to produce superior data, particularly where the water depth exceeds the electrode spacing. Further study is needed to compare the benefits of floating versus bottom arrays.
Results of lake-bottom resistivity surveys at Lake Lacawac showed contrasts in the continuity of transmissive sediments in different locations around the lake. Forward models suggest that lake-bottom resistivity surveys can characterize the continuity of potential flow paths. Transmissive sediments alone are not conclusive evidence of groundwater discharge but their presence makes seepage more likely. The observed seepage data suggests that the absence of flow paths connected to the shore makes groundwater discharge less likely but the small response limited the seepage meter studies. The lake-bottom resistivity surveys also showed how far the transmissive sediments extended from shore, which is an important consideration when estimating the total contribution of seepage to the lake's water budget.
Groundwater seepage budget at Lake Lacawac
The combination of temperature data and seepage data were paired to cover portions of the lake perimeter where sediments are present that might allow seepage in or out of the lake. The temperature data generally indicate outflow from the lake along the northern shore and inflow to the lake on the north-west shore. However, thermal modelling suggests rates are probably low based on the weak diurnal signal in the buried temperature loggers and the observed diurnal signal in the sediments may even be due solely to thermal diffusion. Geophysical mapping of subsurface material indicates continuous cover of fine material, which is consistent with minimal seepage. The temperature and seepage data indicate a combination of outflow from the lake and
